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Abstract
Direct detection experiments obtain 90% upper limits on the elastic scattering
cross sections of dark matter with nucleons assuming point-like interactions and
standard astrophysical and cosmological parameters. In this paper we provide a
recasting of the limits from XENON1T, PICO-60, CRESST-III and DarkSide-50
and include them in micrOMEGAs. The code can then be used to directly impose
constraints from these experiments on generic dark matter models under different
assumptions about the DM velocity distribution or on the nucleus form factors.
Moreover new limits on the elastic scattering cross sections can be obtained in the
presence of a light t-channel mediator or of millicharged particles.
1 Introduction
Searches for dark matter(DM) through direct detection (DD) experiments have been pur-
sued actively for decades [1–7]. None of the experiments with a good signal/background
discrimination have found evidence for DM, thus could only set upper limits on the DM
elastic scattering cross section on nucleons. For DM masses above roughly 6 GeV, the
best limits are currently obtained by Xenon-1T [1]. For lower masses, searches are more
challenging and require a very low threshold for nuclear recoil energy, thus the limits are
typically much weaker. Currently the best limits are obtained from DarkSide [3], and
CRESST [8] and a series of projects are concentrating their efforts in improving the reach
at or even below the GeV [9–11] in particular by using DM scattering on electrons [12–16].
Currently, limits are generally interpreted in terms of DM elastic scattering on nucleons
through a mediator with a mass much larger than the typical momentum exchange. More-
over they are obtained assuming equal proton and neutron spin-independent (SI) cross
sections and for a specific choice of astrophysical parameters, notably that the DM velocity
distribution is Maxwellian.
Although traditional WIMP models feature mediators at or above the electroweak
scale (e.g., a Higgs, Z, a new boson or a new coloured particle), new classes of DM
models have relinquished the link with the electroweak scale thus considerably extending
the range of masses for both DM and mediators. In particular models with a very light
mediator have been considered [17–19]. The motivation for a light mediator include the
possibility to provide strong dark matter self-interactions and explain anomalies in galaxy
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clusters [20–22] as well as the possibility to enhance the direct detection signal in models
with feebly coupled particles [23].
While it is straightforward for the experimental collaborations to obtain limits within
a framework different than the default one chosen, the corresponding code is not pub-
licly available. For example only PandaX [6, 24] and more recently XENON1T [10] have
published limits obtained for both heavy and light mediators. Our goal is precisely to
provide a tool that allows to reinterpret the 90% limits obtained by the experimental
collaborations within their specific framework and apply them to a wider set of DM mod-
els and DM velocity distributions. The code is developed as a module of micrOMEGAs
[25, 26]. In this first version, a recast of the limits from XENON1T [1], DarkSide-50 [3],
PICO-60 [4] and CRESST-III [8] are provided. These thus provide the best limits for the
cases of spin independent and spin dependent interactions in neutrons and protons for
DM masses above 1 GeV. Based on this recast, we give typical examples on how the code
can be used to set limits on new models. The models considered include the case of a
light mediator, in particular a Z ′, as well as millicharged particles. Moreover the impact
of alternate velocity distributions is analysed. Recasting of these limits as well as other
recent direct detection experiments are also included in DDCalc [27] and in SuperIso [28].
Note that both these recasting reproduce well the XENON1T exclusions for DM masses
at the weak scale or above, however they feature significant differences for masses near the
sensitivity threshold. Our implementation provides a better match to XENON1T in the
case of light dark matter as will be described in the next section. Moreover since a heavy
DM with a light mediator features a recoil energy distribution that resembles that of a
light dark matter, in the sense that it peaks at smaller energies than the corresponding
one for a heavy mediator, we expect a more reliable recast for the light mediator case.
For XENON1T our strategy consists in using the experimental limits obtained assuming
point-like DM interactions and use this as inputs to restore the acceptance for DM recoil.
Note that our approach can only be applied to the case where the DM signal is dominant
at low recoil energy. For exotic signals with interactions at large recoil energy, for exam-
ple the ones studied in [29–31], our approach would lead to limits on the exclusion cross-
section that are not severe enough. For other experiments we simply use the information
provided in the publications to describe the detector efficiency and the background to
reproduce the experimental limit.
The paper is organised as follows. After describing the formalism for the event rates in
direct detection in section 2, we describe our reconstruction of the Xenon-1T, DarkSide-
50, PICO-60 and CRESST-III experimental limits on SI interactions in Section 3 and
SD ones in section 4. In section 5 we show how these recasts allow to obtain limits in
specific models involving a light mediator, a millicharge DM as well as generic DM velocity
distribution. Section 6 contains our conclusions. All results obtained in our paper can be
reproduced using the new micrOMEGAs functions described in Appendix A.
2 Dark matter scattering on nuclei
We first review the standard formalism for obtaining the nuclear recoil energy distribution
for DM scattering on nuclei, relevant for direct detection experiments. Since the velocity of
DM particles is about v0 ≈ 0.001c, the maximum velocity of the nucleus that recoils cannot
exceed 2v0. Thus, the maximum transferred momentum in DM-nucleus collision is qmax =
2
2v0MA ≈ 200 MeV for a nucleus mass MA ≈ 100GeV. At such low momentum transfer,
DM-nucleon interactions can be described by an effective Lagrangian leading to constant
matrix elements. Moreover the amplitudes can be divided into spin-dependent (SD) and
spin-independent (SI) interactions which do not interfere. The DM-nuclei interactions
are simply related to the DM-nucleon interactions after introducing a nucleus form factor
which depends on the momentum transfer q =
√
2MAE where E is the nucleus recoil
energy. The energy distribution of a recoil nuclei A produced by SI interaction with DM
in a detector with total mass Mdet and exposure time T reads [25,32]
dNSIA
dE
=
2
pi
MdetT
ρχ
Mχ
I(E)(λpZ + λn(A− Z))2F 2A(q) (1)
where Z and A are the atomic number and mass of the detector material, Mχ is the
DM mass, ρχ the DM local density, and λN are DM-nucleon scattering amplitudes. For
example for an effective scalar interaction of Majorana fermions with nucleons N, L =
λN χ¯χψ¯NψN , the SI DM-nucleon cross section is given by
σSIχN =
4
pi
µ2χNλ
2
N , N = n, p (2)
where µχN = MχMN/(Mχ + MN) is the DM-nucleon reduced mass. The event rate also
depends on the nucleus form factor, FA(q) and on the velocity distribution through,
I(E) =
∞∫
√
EMA/(2µ
2
χA)
f(v)
v
dv , (3)
where f(v) is the DM velocity distribution in the detector rest frame normalized such
that ∞∫
0
f(v)dv = 1 (4)
In direct detection experiments after analysing the number of registered events and
estimating the background, limits are set on σSIχp assuming σ
SI
χp = σ
SI
χn. All experiments
also assume a value for the DM local density near the Sun, ρχ = 0.3 GeV/cm
3, and a
Maxwellian DM velocity distribution defined with the parameters
vRot = 220 km/s vesc = 544 km/s vEarth = 232 km/s (5)
where vRot, the rotation velocity of the Galaxy and vesc, the escape velocity in the galaxy,
characterize the DM velocity distribution in the Milky Way [32]. vEarth is the velocity of
the Earth in the galactic frame.
The energy distribution of recoil events resulting from SD interactions of DM with
nuclei in a detector with mass Mdet and exposure time T reads [25,32–34]
dNSDA
dE
=MdetT ρχ
Mχ
I(E)
8
2JA + 1
(S00(q)(ξp+ξn)
2 +S01(q)(ξ
2
p−ξ2n)+S11(q)(ξp−ξn)2) (6)
where JA represents the spin of the detector material, ξp,n are the DM-nucleon amplitudes
normalized such that
σSDχN =
12
pi
µ2χNξ
2
N . (7)
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For example, an effective axial-vector interaction of Majorana fermions with nucleons,
L = ξN χ¯γµγ5χψ¯Nγµγ5ψN will lead to the above cross section while for Dirac fermions,
the same cross section is obtained for a Lagrangian defined with ξN → 2ξN . Sij(q) are
the nucleus SD form factors. Calculations or these form factors within nuclear models
are reviewed in [33] and more recent calculations are available in [34]. Another set
of form factors defined in the effective field theory approach, F ab44 , [35] is also used by
experimental collaborations. The two sets of form factors are related through
F pp44 (q) =
pi
4(2jA + 1)
(S00(q) + S11(q) + S01(q)) ,
F nn44 (q) =
pi
4(2jA + 1)
(S00(q) + S11(q)− S01(q))
F pn44 (q) = F
np
44 (q) =
pi
4(2jA + 1)
(S00(q)− S11(q)) (8)
Moreover,
F ab44 =
JA(JA + 1)
12
(F ab
Σ′ + F
ab
Σ′′ ) (9)
and analytical expressions for F ab
Σ′ , F
ab
Σ′′ can be found in the Appendix of Ref. [35].
3 Spin-independent interactions: recasting experi-
mental exclusions
3.1 Simplified approach for interpreting the Xenon-1T exclu-
sion.
To repeat exactly the XENON1T analysis would require detailed information on events
distribution, background estimation, and the use of nuisance parameters for all points
of event space characterized by scintillation signals S1, S2 and interaction positions Z
and R [1]. We rather choose a simplified approach which allows to recover with a good
approximation the exclusion of XENON1T. For this, we assume that there is some effective
subspace of the total space of events where no events were detected, in this region the
probability of recording a DM event is peff (E) after applying all cuts. For zero observed
signal events, the likelihood function for the recoil energy distribution for signal events,
dN
dE
, reads
L = e−L
∫ Emax
0 (peff (E)
dN
dE
+ dB
dE )dE (10)
where B(E) is the background distribution and L is the exposure. The maximal likelihood
is reached for zero DM signal event and the p-value corresponding to the signal is
pval =
L
Lmax
= e−L
∫
peff (E)
dN
dE
dE (11)
The cross sections corresponding to a 90% exclusion level, σ90(Mχ), are obtained by
XENON1T [29]. The corresponding recoil energy distributions dN90/dE for various DM
masses are displayed in Fig. 1.
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Figure 1: Predictions for the recoil energy distribution of Xenon nuclei for an exposure
L = 279× 900 kg·days and σ90 = 248.6, 5.39, 0.566, 0.448, 0.912, 1.71× 10−10pb for Mχ =
6, 10, 20, 40, 100, 200 GeV respectively.
We exploit the exclusion provided by XENON1T to derive an integral equation for
the acceptance peff (E).
L
∫
peff (E)
dN90(Mχ)
dE
dE = log(1/ppval) (12)
for all masses in the range 6 GeV < Mχ < 1000 GeV. Equation 12 is a Fredholm equations
of the first kind. The solution of such equations is not stable and leads to large oscillations
in peff (E). To smooth out these oscillations, we instead minimize the functional
I(p) = max
Mχ
(∣∣∣∣L∫ peff (E)dN90(Mχ)dE dE − log(10)
∣∣∣∣+ κ∫ ∣∣∣∣ d2dE2peff (E)
∣∣∣∣2 dE
)
(13)
with respect to the function peff (E). Here the minimization covers all masses in the
interval considered. Note that the term with κ damps oscillations only if κ is large enough,
while it spoils the solution to Eq.12 when κ becomes too large. The goal is therefore to
find the minimal κ which allows to obtain a solution without oscillations. To find this
minimum, we tabulate peff (E) on a grid which extends from E0 to some Emax with a
1keV stepsize. The acceptance peff (E) vanishes for E ≤ E0, where E0, the detection
threshold, is taken as a free parameter. The values of the function peff (E) at each point
on the grid except the first one are also free parameters. To interpolate between grid
points we use a cubic polynomial interpolation. We minimize the functional I(p) while
imposing the condition that peff (E) be positive.
The solution to peff (E) for the range of DM masses considered is shown in Fig.2 (left)
and is compared to pXe, the XENON1T acceptance in Ref. [1]. Note that the latter does
not include all cuts and that the impact of the various cuts on the acceptance is only
given for Mχ = 200GeV in Ref. [29]. The 90% excluded cross section obtained using the
reconstructed acceptance if then compared with the exclusion of XENON1T, see Fig.2-
right. We observe an excellent agreement between the XENON1T limit and our recasted
exclusion. The maximal difference is roughly ≈ 10% and is reached for Mχ=20 GeV. Note
in particular that our acceptance matches very well that of XENON1T near threshold,
i.e. for E < 6keV. Thus the exclusion at low masses is well reproduced since the low
recoil energy region is the only relevant one for DM masses below 10 GeV.
A few comments are in order. First, the acceptance we obtain, peff (E), vanishes
for E ≈ 14keV1. This differs significantly from pXe which however does not include all
1The method applied can not lead to exactly zero, because our solution is only approximate.
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Figure 2: Left: The reconstructed acceptance function peff (E) compared to the Xenon-
1T acceptance pXe from Fig.1 in Ref. [1] corresponding to S1 detection and selection. The
reconstructed acceptance function peff (E) for Xenon100 is also displayed. Right : The
90% exclusion cross section for SI interactions obtained with peff (E) (red) as compared
with XENON1T (black). The 2σ (blue) and 3σ(green) excluded cross sections are also
displayed.
cuts. This is just a reflection on the fact that the exclusion is dominated by the region
with E < 14keV and is related to our initial assumption that we use only the region
with no observed events to reconstruct peff . Indeed XENON1T reports two detected
events, around cS1=21 and cS2b=800 in Fig.3 of Ref. [1], which correspond roughly to
E = 15 keV. Second, the dominance of the E < 14keV region is also consistent with
a simple reconstruction of the signal distribution for two different masses which lead to
the same exclusion cross section, namely Mχ = 20, 200 GeV. Both masses lead to similar
shape of the recoil distribution after taking into account the acceptance peff (E) while
the higher mass obviously leads to a larger signal at high energies when applying naively
pXe. Note also that because the recoil energy distribution is similar for DM masses larger
than the nucleus mass, the dependence on the acceptance is similar for any heavy mass,
thus we expect as good a match to the XENON1T exclusion for a heavy DM than for
Mχ = 200 GeV. Finally, to further validate our approach we also considered Xenon100
applying the same method to reconstruct the acceptance, in this case however there are 5
observed and 6.6 background events in the region of interest (Table I in Ref. [36]). In this
case the acceptance extends to larger energies but has a similar shape, see Fig. 2. Moreover
using this reconstructed acceptance we reproduce very well the Xenon100 exclusion for
all masses.
Note that since our reconstruction of the acceptance reproduces well the XENON1T
exclusion at all masses, we can reliably apply it to other cases. For example it can be
used to extract the 2σ and 3σ exclusion rates for XENON1T, see Fig.2-right. It can also
be used to derive the exclusion on the SD cross section as will be discussed in 4.
3.2 DarkSide-50
The DarkSide-50 (DS-50) experiment [3] provides the basic experimental data to allow
to reproduce the experimental results without having to solve an inverse problem. In
particular, the distribution for the number of ionizations ne− in the Argon detector for
an exposure L = 6786 kg · days together with an estimation of the background and the
ionization quenching are given. We use the numerical tables for the data and background
provided by the DarkSide collaboration. We are thus able to construct a likelihood based
6
on the Poisson formula
L =
∏
i
(Bi + Si)
ni
ni!
exp−(Bi+Si) (14)
where Bi and Si are the number of background and signal events in the i
th bin where
the bins are defined for the distribution of the number of ionizations. For ne− < 7 there
is a large difference between the data and the estimated background, hence, following
the DS-50 analysis, we treat the additional background as a nuisance parameter when
constructing the likelihood function. Thus, in the likelihood we do not include the bins
ne− < 4 as done by DS-50 and the bins 4 ≤ ne− < 7 contribute only if the DM signal plus
the background is larger than the experimental data [37].
The average number of ionizations is determined by quenching. The ionization quench-
ing depends on the recoil energy and suffers from a large uncertainty. We use the minimal
quenching. We have checked that making a linear interpolation between the minimal and
maximal values of the quenching for each energy and treating the parameter of interpo-
lation as a nuisance parameter leads to very similar results. Moreover, the distribution
of the number of ionizations around the average is not known. The assumption made
for describing this distribution is essential for light DM, since one can find events with
ne− ≥ 4 that arise from the tail of the distribution.
DS-50 considers two cases, first a binomial distribution for the number of ionizations
where the average number of ionizations is determined by quenching, while the maximal
number of ionizations is determined by the minimal energy needed for one ionization.
The minimal energy is set to E1 = 25 eV
2. Second a δ-like distribution where the actual
number of events equals the average one is considered average from what?. To provide
a more conservative limit we also use a generalized Poisson distribution for the number
of ionised electrons,
p(n) =
C(n¯, E1)
n!
(
n¯(1− nE1
E
)
)n
(15)
Here C is defined by the normalization condition, E is the energy of an atom after DM
recoils, E1 is the minimal ionization energy. The value of n¯ is chosen in such a way to
reproduce the quenching given by DS-50 [3]. Finally one has to take into account a 20%
resolution for the measurement of ne− in DS-50.
Our reconstructions of the 90% excluded cross section in the mass interval 1.8 - 6
GeV is shown in Fig.3- left and compared with the DS-50 exclusions. Note that DS-50
uses two different likelihoods, one using bins ne− ≥ 4 for masses Mχ < 2.9 GeV and
one using only the bins ne− ≥ 7 for higher masses. Rather than splitting our analysis for
different mass range and in order to have a smooth exclusion, we take into account all bins
ne− ≥ 4 for the whole DM mass range. We still reproduce well DS-50 exclusion for masses
Mχ > 3.5 GeV, since in this region the contribution from higher bins dominate. Around
Mχ ≈ 3 GeV our exclusion is stronger since the bins 4 ≤ ne− < 7 give an important
contribution to the likelihood. Finally our exclusion is more conservative at lower masses,
by about 50%(200%) for Mχ ≈ 1.8(0.65) GeV. Note however that for masses below 1.8
GeV there are large uncertainties in the DS-50 exclusion depending on the choice of
quenching fluctuation model [38].
2The ionization energy of Argon is 16.76eV
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In Fig.3-right we compare the exclusion cross section obtained using DS-50 data for
binomial and generalized Poisson distributions for Mχ < 1.8 GeV. For heavier DM, these
two assumptions lead to the same exclusion.
Figure 3: Comparison between the 90% excluded σSI from DarkSide-50 and from mi-
crOMEGAs. See details in the text.
3.3 PICO-60
PICO [4] is a Bubble Chamber experiment which uses C3F8, with 1167 kg-day exposure at
a thermodynamic threshold of 3.3 keV and 1404 kg· days at 2.45 keV. After the acoustic
parameter cut, PICO reports 3 candidate events with a total expected background of
1.47 events. PICO-60 recorded 5 multi-bubble events caused by neutrons, this leads to a
background of 1.25 single-bubble events from neutrons which are expected at one fourth
the rate of multi-bubble events. The background also includes 0.12 single bubble events
from photons and 0.1 events from neutrinos.
To reconstruct the PICO exclusion curve for SI interactions, we assume an acceptance
described by a step function starting from zero and rising to 100% at a certain threshold
energy. The value of the threshold is optimized in order to match the PICO-60 exclusion
curve. To derive the exclusion we use a method based on Feldman-Cousins [39]. The
optimum value for the threshold is 1.6 keV, which is slightly higher than the value used
by PICO-60. The 90% exclusion for the SI cross section is compared with the one obtained
by PICO-60 in Fig. 4. An excellent agreement is found for all masses. The main result of
PICO-60 however concerns limits on the DM-proton SD cross section, this result will be
discussed in Section 4.
Figure 4: Comparison of PICO SI 90% excluded cross section with our reconstructions
based on either log-likelihood (LL) or Feldman-Cousins (FC) methods.
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3.4 CRESST
The CRESST-III detector uses CaWO4 and the limits obtained correspond to data col-
lected with a total exposure after cuts of 3.64 kg·days [8]. The cut efficiencies for each
type of nucleus in the detector Ca,W,O are presented in [40] together with the 441 events
that passed all cuts. In this experiment, the background is not estimated and the Op-
timum Interval method of Yellin [41] is used to set a limit on the DM cross section.
With its low nucleus recoil threshold of 30.1eV, the CRESST-III detector is sensitive to
DM masses larger than 188 MeV assuming the standard parameters for the DM velocity
distribution, Eq. 5. Moreover, DM masses as low as 160 MeV can be probed when tak-
ing into account energy resolution. Using the Optimum Interval method [42] as well as
the efficiencies provided, we recasted the exclusion limit of CRESST-III. For the energy
resolution we use a Gaussian with a with of 3eV, this value was adjusted to get a good
agreement with CRESST-III for low DM masses. The micrOMEGAs reconstruction is
compared with the CRESST-III exclusion for SI interactions in Fig. 5, discrepancies
between the two is generally below 10% although it reaches 30% at Mχ = 0.25GeV. Note
that for this mass the systematic uncertainty from estimating the nuclear energy scale
induces a 20% deviation in the cross section limit [8].
Figure 5: Comparison of the reconstructed exclusion for SI interactions from micOMEGAs
with CRESST-III.
4 Spin-dependent interactions: recasting experimen-
tal exclusions
In general, SI and SD interactions have very similar recoil energy spectra, for example for
XENON1T the ratio of the SD/SI recoil energy spectra varies from around 3% at high
recoil energies to 6% at low recoil energies for DM masses O(100) GeV. Therefore we use
the recasting done for SI interactions and apply it directly to SD interactions. Because
there is a strong dependence on the SD form factors, to perform the recasting we use
the same set of form factors as each experiment. These were obtained in [34] and [35]
and we cite them here as SHELL and EFT respectively. Moreover, for the first the authors
derive the theoretical uncertainty, we also compare our results with those obtained with
the minimal form factors leading to the more robust exclusion, we cite this minimal set
as SHELL-min, see Appendix A.3.
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First we derive the 90% limit on SD cross sections on neutrons and protons for
XENON1T, for this we take the SHELL SD form factors [34] which are also used by
XENON1T. We find a very good agreement with the limits on both σSDχn and σ
SD
χp , see
Fig. 6. Taking into account the uncertainty on these form factors has little impact on
σSDχn , but weakens the limit on σ
SD
χp by roughly a factor 2. The form factors EFT lead to
a more stringent limit on σSDχn while the limit on σ
SD
χp weakens by more than one order of
magnitude. Note however that XENON1T has a much lower sensitivity to σSDχp , indeed
Xenon has an even number of protons and their spin nearly cancel each other leading to
small SD proton form factors.
Figure 6: Comparison of the recasted 90% limit on σSDχn (left) and σ
SD
χp (right ) from
micrOMEGAs with the XENON1T limits [4] (black) with different choices of form factors
: SHELL (green/dot), SHELL-min (blue/dash-dot) [34] and EFT [35] (red/dash).
Using the PICO acceptance described in Section 3.3 we derive the 90% limit on SD
cross section on protons and compare it with the limit presented by the PICO collabora-
tion [4], see Fig.7-left. For this we choose the form factors EFT also used by the experiment.
Our reconstruction reproduces the PICO-60 exclusion within 20%, which is roughly the
same precision that was obtained for SI interactions. To check the impact of the choice
of form factors, we have also derived the exclusion using the SHELL and SHELL-min form
factors. This weakens significantly the limit at low DM masses, up to a factor 2 at 4 GeV,
while the effect is much more moderate for DM masses above 100 GeV. The difference
with the EFT set remains below 10% (35%) for the SHELL (minimal) form factors.
CRESST-III is sensitive to spin-dependent DM-neutron interactions through the 17O
isotope despite its small abundance of 0.0367%. For this isotope, the SD form factor is
only known in the zero momentum limit [33], we take the spin expectation 〈Sn〉 = 0.5.
Following the same procedure as for SI interactions, we derive the recasted 90% limit on
σSDχn and in Fig. 7 - right, we make a comparison with the preliminary results of CRESST-
III [8]. In the DM mass range 0.21-2.3 GeV, the agreement is good. For lighter masses,
and in particular at 0.16 GeV, the discrepancy can reach one order of magnitude. Note
that in the low mass region (Mχ < 1 GeV) only collisions with Oxygen can contribute to
the recoil energy signal. Since SD interactions are due entirely to scattering with 17O which
is heavier than the dominant component 16O, the kinematic threshold for SD interactions
is shifted to a higher value than for SI interactions, thus leading to a suppressed SD rate
at low masses and to a weaker limit. This is indeed what is found with micrOMEGAs.
For masses above 2.3 GeV, the micrOMEGAs exclusion is more stringent than the one
of CRESST-III, the reason of this discrepancy is not confirmed, however we find that the
cross section quoted by CRESST-III leads to more than 30 events in the recoil energy
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Figure 7: Left : Comparison of the recasted 90% limit on σSDχp from micrOMEGAs (red)
with the PICO-60 limit [4] (black) using the EFT form factors from Ref. [35]. The
impact of the choice of form factor is illustrated for the SHELL (green-dot) and SHELL-min
form factors (blue-dot-dash). Right: Comparison of the recasted 90% limit on σSDχn from
micrOMEGAs (red) with the CRESST-III limit [8] (black) with zero momentum form
factors.
range 0.6 –16 keV whereas no events were observed.
5 Applications
In this section we show how to exploit our reconstruction of DD experimental limits to
obtain limits on specific DM models while taking into account uncertainties from as-
trophysical and nuclear physics parameters. All numerical results presented below can
be easily reproduced with the micrOMEGAs code. The corresponding code is stored in
mdlIndep/dd_exp.c of micrOMEGAs.
5.1 The case of a light mediator.
When DM-nucleus interactions are due to the exchange of a light mediator in t-channel,
the standard formula that relates the DM-nucleon cross section at zero momentum with
the recoil energy distribution cannot be applied. Indeed it rests on the assumption that
the mass of the mediator is much larger than the Mandelstam variable t = −2MAER where
ER is the nucleus recoil energy and MA the mass of the recoiling nucleus. For the typical
minimal recoil energy ER ≈ 2keV and MXe=130GeV this corresponds to t = −(22MeV)2.
Thus for mediator masses significantly below 1 GeV, an additional factor describing the
t-dependence should be included. The recoil energy distribution from DM-nucleus elastic
scattering is then replaced with
dN lightA
dE
=
M4M
(M2M + 2MAE)
2
dN stdA (σ0)
dE
(16)
where N stdA is the standard expression for the number of recoil events for a point-like
interaction, Eq. 1, [32] with elastic scattering cross section σ0, MM is the mass of the
t-channel mediator. Taking into account the contribution of the transfer momentum in
the propagator of the light mediator leads to an overall decrease of the recoil signal and
to a shift towards lower energies. This can be seen in Fig. 8 (left) where the signals for a
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DM with mass of 15 GeV are compared in the case of a light mediator MM = 10 MeV and
a heavy mediator, MM = 100 GeV. Moreover the recoil spectrum with the light mediator
is shown to be very similar to the one for Mχ = 10 GeV and MM = 100 GeV. These
signals include the reconstructed acceptance of XENON1T, peff , and are obtained for σ
90,
to ease the comparison the distribution for the light mediator includes a normalisation
factor.
Figure 8: Left : Comparison of the nucleus recoil distributions after folding in the
XENON1T acceptance, peff , for a heavy mediator MM = 100 GeV (full) and Mχ =
10, 15 GeV with that of a light mediator, MM = 10 MeV (dash) and Mχ = 15 GeV. Right:
Dependence of the excluded cross section on the mediator mass for Mχ = 10, 30, 90 GeV.
In any model with a light mediator, we can use Eq. 16 to calculate the recoil energy
signal and extract the dependence of the 90% excluded cross section on the mediator mass.
The zero momentum transfer excluded cross section (σ0) is displayed in Fig. 8 (right) for
XENON1T and for different DM masses. As expected, the mediator mass dependence
comes into play at MM = 100MeV and the effect is significant at 50MeV. For very small
mediator masses, all DM masses have a similar dependence on MM , the reason is that
the key ingredient in setting the limit is the detector threshold. The model independent
limits on SI interactions in the case of a light mediator obtained from the micrOMEGAs
recasting are compared in Fig. 9 for different experiments. Moreover the limit derived by
the XENON1T collaboration using a S2 only analysis that allows to extend the sensitivity
to lower masses is also shown for comparison [10].
Figure 9: Limits on the spin-independent DM nucleon point-like cross section for a light
mediator, MM = 10 MeV, using the micrOMEGAs recast of XENON1T, DarkSide-50,
PICO-60 and CRESST-III. The limit derived by XENON1T using a ionization-only anal-
ysis is also displayed, XENON-S2. [10].
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To illustrate the effect of the light mediator on the direct detection exclusion in a
specific model we consider the case of a Z’ mediator with a universal coupling to SM
fermions,
L = −Z ′µ
(
gχχ¯γ
µχ+ g′χχ¯γ
µγ5χ
)−∑
f
Z ′µ
(
gf f¯γ
µf + g′f f¯γ
µγ5f
)
(17)
We assume either pure vector couplings (g′χ = g
′
f = 0) or axial-vector (gχ = gf = 0)
couplings which give rise respectively to SI and SD interactions. We further assume
identical couplings to all fermions f . The results are displayed in Fig. 10 for both SI
interactions and SD interactions. For SI interactions, the region that is compatible with
the measured value of the relic density is excluded by XENON1T for Mχ > 8 GeV. For
SD interactions, the current experiments cannot yet probe the preferred value for the relic
density, moreover CRESST-III probes values of couplings larger than the ones displayed.
Note that Fig. 10 shows the best limit whether it comes from SD interactions with protons
or neutrons.
Figure 10: Limits on the Z’ coupling, g = gfgχ, from DarkSide-50, PICO-60, and
XENON1T, for the Z’ model with pure vector couplings (left) and from PICO-60 and
XENON1T for pure axial-vector couplings (right) for a light mediator, M ′Z = 1 MeV.
The combined exclusion for SD interactions is also shown.
5.2 Millicharged Dark matter
Millicharged DM which interacts with the SM through photons provides another example
of a light mediator, the massless photon in this case. Typically a kinetic mixing between
a new gauge boson and the hypercharge leads to DM interacting with the photon with a
millicharge, qχ, [43]
L = qχeχ¯γµχAµ (18)
where we have omitted the terms that describe interactions with the new gauge boson.
The recoil energy distribution for DM nucleus elastic scattering is similar to the one for
the light mediator, Eq. 16,
dNmA
dE
=
M4ph
(2MAE)2
dN stdA (σ0)
dE
(19)
where
σ0 = 16piα
2
EMq
2
χZ
2
A
µ2χp
M4ph
(20)
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and Mph is a parameter with mass dimension which does not enter the final result.
The 90% lower limits on qχ obtained after imposing the DarkSide-50 and XENON1T
limits are presented in Fig.11.
Figure 11: The 90% exclusion on the DM millicharge qχ as a function of the DM mass
using recasted results of DarkSide-50 (left) and of XENON1T (right). The region above
the top curve cannot be probed by underground DD experiments.
Direct detection experiments cannot probe large values of the charge, qχ, since a
millicharged DM will loose energy through its interaction with rocks before it reaches
the detector. Elastic scattering of DM particles with atomic nuclei is the main process
responsible for energy loss. The cross section for elastic scattering reads [44]
dσ
d cos θcm
= 2pi
∣∣∣∣∣∣2µq
∞∫
0
V (r)r sin(rq)dr
∣∣∣∣∣∣
2
(21)
where µ is the reduced mass of colliding particles and q is the transfer momentum. For a
nucleus charge screened by electrons, the potential is given by
V (r) =
qχZAe
2
r
e−r/RA (22)
where the atomic radius is approximated by RA ≈ 0.8853Z
1
3
A/meαem. Note that this
rough approximation is sufficient since the energy loss depends only logaritmically on RA.
The energy loss, Eloss of one millicharged particle in an elastic collision with a nucleus is
obtained after integrating Eq.21,
〈ElostσA〉 = 2pi (qχZAe
2)2
v2MA
(
log(1 + (2vµχARA)
2)− (2vµχARA)
2
1 + (2vµχARA)2
)
(23)
The energy, Eχ of a DM particle passing through the Earth is then given by
dEχ
dx
= −
∑
A∈Earth
〈ElostσA〉nA (24)
where nA is the number density of the element A in the Earth and x is the distance from
the surface. If the DM mass is above the GeV scale then 2vµχARA  1 and dEχdx ≈ CEχ .
Thus, at some finite distance from the Earth surface, the DM will stop and drift towards
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the Center of the Earth driven by gravitational interactions. For DM to be detectable
its energy must be above the detector threshold Etr, thus the condition that a DM with
maximum velocity v = vesc + vEarth will reach the detector located at a distance H below
the surface of the Earth with Eχ > Etr leads to a linear equation in q
2
χ
Emin∫
Emax
dEχ
dEχ/dx
= H where Emin =
EtrMAMχ
4µ2χA
; Emax =
Mχ
2
(vEsc + vEarth)
2 (25)
The corresponding upper limit on the millicharge excluded by either DarkSide-50 or
XENON1T is at least three orders of magnitude above the respective lower limits, see
Fig. 11. Here we used H=1400 m and Etr = 0.1(1.6) keV for DarkSide-50 (XENON1T) .
5.3 Dependence on DM distributions
As mentionned previously, most experiments publish their results assuming that the DM
velocity distribution in the neighborhood of the Sun is a Maxwell distribution with pa-
rameters given in Eq.5. However, the recent estimates for ρχ point to a slightly larger
value [45,46]
ρχ = (0.39± 0.03)(1.2± 0.2)(1± δtriax)GeV/cm3 (26)
where δtriax < 0.2. Clearly, since ρχ is just an overall factor, changing its value will
amount to simply rescaling the 90% excluded cross section by a factor of ρχ/0.3.
To estimate the impact of the DD limits on the parameters of the velocity distribution
we have varied the parameters of the Maxwell distribution within the range [47–49]
vRot = 220± 18km
s
vEarth = 232− 252km
s
vEsc = 580± 63km
s
ρχ = 0.468± 0.202
(27)
The strongest and weakest 90% excluded cross sections for the XENON1T experiment
for these intervals are shown in Fig. 12 together with the exclusion corresponding to
the standard parameters in Eq. 5. For DM masses above roughly 10 GeV, most of the
variations in the exclusion limit is due to ρχ, in particular the upper 1σ range leads to
a more aggressive limit by about a factor 2 while the limit is weakened by around 10%
when using the lowest value for ρχ. Roughly another 10% shift in the limit is due to the
variation of other parameters. For low DM masses, corrections can be much larger. For
example for Mχ ≈ 6 GeV the excluded cross section increases by more than a factor 2.
This is mainly due to a decrease in vEsc which requires a heavier DM to pass the threshold
for nuclear recoils. For the same reason an increase in vEsc leads to a more aggressive
limit. An alternative DM distribution which is compatible with Gaia data was suggested
in Ref. [50], it leads to more stringent limits at all masses since the main difference with
the Maxwell distribution is in the much larger central value for ρχ. We have also varied
the parameters of the SHM++ distribution within their 1σ range defined in Eq. 33 and
found a near overlap of the most stringent exclusion with that of the Maxwell distribution.
Again, ρχ and vesc are the parameters that have the largest impact on the exclusion limit.
Similar conclusions are obtained for the DarkSide-50 exclusions in the low mass region,
see Fig. 13- right.
We also examine the impact of the velocity distribution on the exclusion limit for the
simplified Z’ model with vector couplings introduced in the previous section. Fixing the
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Figure 12: Influence of the uncertainty on the DM velocity distribution on XENON1T
(left) and DarkSide (right) 90% excluded SI cross sections. The allowed region for the
Maxwell distribution (shaded black) and the SHM++ distribution (shaded red) together
with the full curves showing the standard central values for both distributions.
values of the couplings to gZ′ = 1 × 10−7 and gχ = 5.5 × 10−5 we show how much the
exclusion on the Z’ mass from DarkSide-50 and XENON1T can be reinforced assuming
an aggressive exclusion with the SHM++ distribution. The latter, labelled SHM++(max)
corresponds to the upper value of the 1σ range for the parameters ρχ, vrot, vesc in Eq. 33.
With this choice the lowest limit on MZ′ increases by more than a factor 2 for Mχ =
1.8 GeV to about 40% for Mχ > 100 GeV as compared to the Maxwell distribution with
standard parameters, Eq. 5.
Figure 13: Impact of the velocity distribution on exclusion for the Z’ model with vector
couplings from DarkSide-50 (left) and XENON1T (right) in the MZ′ −Mχ plane. Here
gZ′ = 1 × 10−7, gχ = 5.5 × 10−5. The exclusion obtained with the Maxwell distribution
and standard parameters is compared with the ones obtained with SHM++ with standard
values for the parameters and with the parameters leading to the most severe constraint
(SHM++(max)). The regions below the curves are excluded.
6 Conclusion
In this paper we demonstrate how the results from recent DM direct detection experiments
can be applied to DM models with features that can differ from the ones assumed when
deriving the experimental limits. After validating the recast of experimental exclusions,
we illustrated how these can be applied to specific DM models, in particular models with
16
a light mediator or a millicharged DM for which the spectrum of nuclear energy recoil
differs significantly from the one of a heavy mediator. We also illustrated the impact
of the choice of nuclear form factor for spin dependent interactions and of the choice of
velocity distributions. These recasts can also be used to derive direct detection limits on
multicomponent DM. These recasts are available in micrOMEGAs which contains new
routines that provide the exclusion cross section for the direct detection experiments that
provide the best exclusion for spin independent and spin dependent interactions for DM
masses from 160 MeV upto the TeV range. These routines will be extended to include
future experimental limits as they become available.
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A micrOMEGAs routines
We describe the micrOMEGAs routines that can be used to extract constraints on DM
models based on the results of the direct detection experiments. Examples on how to
use these routines can be found in mdlIndep/dd_exp.c of micrOMEGAs. All results
presented here can also be reproduced with this code.
A.1 Experimental data
The SI 90% DD limits tabulated from the results presented by XENON1T [1], DarkSide-
50 [3], PICO-60 [4] and CRESST-III [8] are accessible through the following functions
• XENON1T_90(Mdm) for 6 < MDM < 1000 GeV, [1]
• DS50_90(Mdm) for 0.7 < MDM < 15 GeV, [3]
• PICO60_90(Mdm) for 3 < MDM < 10000 GeV, [4]
• CRESST_III_90(Mdm) for 0.35 < MDM < 12 GeV. [8]
The corresponding SD 90% exclusion limits are contained in the functions
• PICO60_SDp_90(Mdm) for 3 < MDM < 10000 GeV, [4]
• XENON1T_SDp_90(Mdm) for 6 < MDM < 1000 GeV, [2]
• XENON1T_SDn_90(Mdm) for 6 < MDM < 1000 GeV, [2]
• CRESST_III_SDn_90(Mdm) for 0.35 < MDM < 12 GeV. [8]
These functions give the excluded cross sections in cm2 . For a DM mass outside the
range specified the function returns NaN.
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A.2 Recasting the experimental limits with micrOMEGAs
• DD pvalCS(expCode, fv, σSIP , σSIN , σSDP , σSDN ,&expName)
calculates the p-value for a model with DM-nucleon cross sections σSIP , σSIN , σSDP , σSDN .
Cross sections are specified in [pb] units. The return value 0.1 corresponds to a 90% ex-
clusion. The expCode parameter can be any of the codes XENON1T_2018,DarkSide_2018,
CRESST_2019,PICO_2019 or their combination concatenated with the symbol |. There is
also a predefined parameter that currently combines these experiments
AllDDexp=XENON1T_2018|DarkSide_2018|PICO_2019|CRESST_2019;
The parameter char* expName is used to indicate the experiment that provides the
best exclusion among those specified in expCode. If the user replaces this parameter by
NULL, DD pvalCS computes the product of the likelihoods for all experiments specified in
expCode to get the p-value. Otherwise, the function DD pvalCS calculates the exclusion
for each experiment independently, returns the smallest p-value, and assigns the name
of the corresponding experiment to expName.
The fv parameter specifies the DM velocity distribution in the detector frame. For
example, one can use Maxwell or SHMpp which are included in micrOMEGAs , A.4, oth-
erwise the user can define another distribution. The DM velocity distribution has to be
normalized as in Eq.4. The units are km/s for v and s/km for fv(v). DD pvalCS implicitly
depends on the global parameters Mcdm and rhoDM which specify the DM mass and DM
local density respectively.
• DD factorCS(expCode, pval, fv, σSIP , σSIN , σSDP , σSDN ,&expName)
returns the overall factor which should be applied to the cross sections, σSIP , σSIN , σSDP , σSDN
to reach the exclusion level pval. All parameters are the same as in DD pvalCS above.
• *dNdEFact(Enr_kev, A)
is the address of the function which modifies the nucleus recoil distribution for DD pvalCS
and DD factorCS to take into account a t-channel propagator with small or zero mass.
By default dNdEfact=NULL and this function does not contribute to the calculation of the
direct detection cross sections. Otherwise it is taken as an additional factor in the nucleus
recoil distribution, see Eq.16. The parameter Enr kev is the recoil energy in [keV] units,
A is the atomic number of the nucleus. This function should be defined by the user, an
example is given in mdlIndep/dd_exp.c.
• DD pval(expCode, fv,&expName)
• DD factor(expCode, pval, fv,&expName)
These functions are similar to DD_pvalCS and DD_factorCS described above but use the
cross section calculated from the DM model under consideration in micrOMEGAs. The
necessary corrections for a light mediator are implemented automatically, these functions
do not use dNdEFact.
The routines described above require SD form factors when considering SD limits. The
SD form factors are defined via the global parameter spinDepFlag which can accept the
following values:
EFT - corresponding to the form factors in [35], Eq. 9
SHELL - corresponding to the average form factors in [34], Eq. 28
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SHELLm - corresponding to the minimal form factor of [34], Eq. 29.
The default value of spinDepFlag is SHELL.
A.3 Spin-dependent form factors
The minimal and maximal values for the SD form factors, S00(q), S01(q), S11(q) , are
computed in Ref. [34] within the shell model. The flag spinDepFlag=SHELL corresponds
to the average
Sab = (S
min
ab + S
max
ab )/2 (28)
which are obtained from the minimum and maximum fitted values in Table VI in [34].
Note that Sminab often lead to a negative value for the subdominant component to the
form factor. Since this has no physical meaning, to define the form factors that lead to
the most robust exclusion we rather use the minimum value of the proton-only, Sminp , and
neutron-only, Sminn , form factors also given in [34]. These correspond to the minimal
form factor for the case when only one type of interaction (with proton or neutron) is
included. With this we construct the nucleus form factors
S00 =
1
4
(
Sminp + S
min
n ± 2
√
Sminp S
min
n
)
(29)
S11 =
1
4
(
Sminp + S
min
n ∓ 2
√
Sminp S
min
n
)
S01 =
1
2
(Sminp − Sminn )
The sign in Eq.29 is chosen to reproduce the ratio S00(0)/S11(0) for the central value of
the form factors in Ref. [34].
A.4 Velocity distribution
Ignoring the direction of motion of DM particles and the small effect of DM acceleration
by the gravitational field of the Sun, the DM velocity distribution in the vicinity of the
direct detection experiment is given by
f(v) =
∫
|~v|<vEsc
d3~vFG(~v − ~vEarth)δ(v− |~v|)
where FG is the DM velocity distribution in the frame, of the galaxy, ~vEarth is the velocity
of the Earth in the Galaxy and vEsc is the maximal velocity in our Galaxy due to
its finite gravitationnal potential. vEsc and vEarth=|~vEarth| are global parameters of
micrOMEGAs.
The velocity distributions that are available in micrOMEGAs are the following
• Maxwell(v)
returns
FMG (v) = cnorm
1
(2pivRot2)3/2
exp
(
− (~v)
2
vRot2
)
θ(vEsc− |~v|)
which corresponds to the isothermal model. Here vRot is the orbital velocity of stars in
the Milky Way, it is also a global parameter of micrOMEGAs. cnorm is the normalization
factor,
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c−1norm = erf
(
vEsc
vRot
)
− 2√
pi
vEsc
vRot
exp
(
−vEsc
2
vRot2
)
• SHMpp(v)
returns the velocity distribution SHM++ proposed in [50].
FG(~v) = (1− η)FMG (v) + ηF SG(v) (30)
This distribution consists of two components. The first, FMG (~v), is the standard
Maxwell velocity distribution described above. The second component is the velocity
distribution from the Gaia sausage [51,52], it is not spherically symmetric and is defined
by the anisotropy parameter β with
F SG(~v) =
cnorm
(2pi)3/2∆vr∆vθ∆vφ
exp
(
−
(
vr
∆vr
)2
−
(
vθ
∆vθ
)2
−
(
vφ
∆vφ
)2)
θ(vEsc− |~v|)
(31)
where
∆vr =
vRot√
1− 2
3
β
, ∆vφ = ∆vθ =
vRot
√
1− β√
1− 2
3
β
(32)
and
c−1norm = erf
(
vEsc
vRot
)
−
(
1− β
β
)1/2
exp
(
−vEsc
2
vRot2
)
erfi
(
vEsc
vRot
β1/2
(1− β)1/2
)
where erfi is the imaginary error function.
The central values and uncertainties of the SHM++ parameters are
rhoDM = 0.55± 0.17 GeV/cm3
vRot = 233± 3 km/s
vEsc = 580± 63 km/s
β = betaSHMpp = 0.9± 0.05
η = etaSHMpp = 0.2± 0.1 (33)
Note that these central values for the global parameters, vRot, vEsc and rhoDM are
different from the ones in Eq.5.
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